Reconstituted extracellular matrix (ECM)-derived scaffolds are commonly utilized in preclinical tissue engineering studies as delivery vehicles for cells and growth factors. Translation into clinical use requires identifying a sterilization method that effectively removes bacteria but does not harm scaffold function. To determine effectiveness of sterilization and impact on ECM scaffold integrity and function, low-temperature ethylene oxide and 15 kGy electron beam irradiation techniques were evaluated. Scaffold sterility was assessed in accordance to United States Pharmacopeia Chapter 71. Scaffold matrix degradation was determined in vitro using enzymatic resistance tests and gel electrophoresis. Scaffold mechanics including elastic modulus, yield stress and collapse modulus were tested. Lastly, 14 Yorkshire pigs underwent ACL transection and bio-enhanced ACL repair using sterilized scaffolds. Histologic response of ligament, synovium, and lymph nodes was compared at 4, 6, and 8 weeks. Ethylene oxide as well as electron beam irradiation yielded sterile scaffolds. Scaffold resistance to enzymatic digestion and protein integrity slightly decreased after electron beam irradiation while ethylene oxide altered scaffold matrix. Scaffold elastic modulus and yield stress were increased after electron beam treatment, while collapse modulus was increased after ethylene oxide treatment. No significant changes in ACL dimensions, in vivo scaffold resorption rate, or histologic response of synovium, ligament, and lymph nodes with either terminal sterilization technique were detectable. In conclusion, this study identifies two methods to terminally sterilize an ECM scaffold. In vitro scaffold properties were slightly changed without significantly influencing the biologic responses of the surrounding tissues in vivo. This is a critical step toward translating new tissue engineering strategies to clinical trials.
Introduction
Tissue engineering is a field with immense promise for improving the health care of patients. The endless combinations of scaffolds, cells, and growth factors have led to hundreds of publications evaluating these technologies in vitro and in vivo. However, less is known about translating these technologies to clinical use. One major hurdle for scaffolds made from naturally occurring extracellular matrix materials (ECM-derived scaffolds) is terminal sterilization. Terminal sterilization involves sterilizing the product inside a sterile barrier system at the end of the manufacturing process as a final step before delivery to the clinic. Terminal sterilization is the standard for medical devices, even those which have been produced using aseptic technique. The use of terminal sterilization provides assurance that even if contamination is unintentionally introduced at any point during device manufacture, it will be mitigated by the sterilization process. The FDA requires the sterilization process to reliably remove all microbial contamination, 1 which, if successful, guarantees a more repeatable process and sterility assurance level (SAL) than aseptic processing alone. 2 The SAL for a medical device is set to 10 À6 , equivalent to one device in a million with measurable contamination. 3 Traditional sterilization methods utilizing heat (autoclaving, dry heat) for sterilization of ECM-derived scaffolds are not applicable, since most matrix proteins, specifically collagen, are irreversibly denatured at temperatures over 60-65 C. 4 Therefore, the most frequently used alternative low-temperature sterilization methods for temperature sensitive ECM-derived devices are ethylene oxide (ETO) and high-energy radiation (electron beam or gamma radiation). 5 The industrial standards (ISO 11135-1) 6 and (ISO 11137-2) 7 suggest that low-temperature ethylene oxide and 15 kGy electron beam irradiation dose will lead to a log reduction of 10 À6 colony forming units of bacteria and fungi when used on a material with a low initial bioburden (i.e. those manufactured using aseptic technique). 8, 9 Literature concerning the effects of sterilization utilizing the two mentioned methods mostly focuses on decellularized ECM tissue, and insufficiently covers the sterilization of reconstituted ECM-derived scaffolds. In any case, ethylene oxide can change sensitive protein structures of ECM-derived scaffolds by reacting with the free amine groups of the collagen proteins. 10 Ethylene oxide has also been demonstrated to decrease the mechanical properties of an ECM-derived scaffold designed for bladder reconstruction, 11 and to reduce the metabolic activity of cells in a small intestinal submucosa (SIS) graft after implantation. 12 Highenergy radiation as well can alter proteins directly by cleaving the protein chains, or indirectly by causing the buildup of free radicals in the surrounding atmosphere which themselves react with the protein groups and change protein structure. 4, 13, 14 Because some studies have shown a lesser reduction of the in vitro mechanical properties of ECM-derived scaffolds after electron beam sterilization when compared to gamma irradiation, electron beam radiation is generally the preferred irradiation method for ECM-derived devices. 15 Still, when comparing low-temperature ethylene oxide with electron beam sterilization, the former seems to have a lesser effect on the in vitro mechanical properties and protein structure of dermal sheep collagen. 14 What effects the sterilization has on the in vitro properties of reconstituted ECM-derived scaffolds and how changes in vitro properties can influence the in vivo response to ECM-derived scaffolds has not been analyzed, yet.
The first aim was to determine whether a reconstituted ECM-derived scaffold could be terminally sterilized using low-temperature ethylene oxide or low dose 15 kGy electron beam irradiation. The second aim was to assess whether the sterilization process would result in changes in the protein structure and scaffold mechanics in vitro. The third aim was to establish if the sterilization process would change the in vivo resorption rate of the scaffold or lead to an altered response of the surrounding tissue. The hypotheses of this study were based on earlier findings in the literature, in which electron beam and low-temperature ethylene oxide treatment were compared. The ethylene oxide method had a less of an effect on the in vitro mechanical properties and protein structure of dermal sheep collagen. 14 This led to the hypotheses that both the ethylene oxide and electron beam methods would effectively sterilize the ECM scaffold, and that the electron beam sterilization process would decrease protein integrity and change the biomechanical properties and enzymatic resistance of the scaffold in vitro as well as healing response in vivo, but increase scaffold resorption rate and tissue reaction in vivo.
Materials and methods

Preparation of the reconstituted ECM-derived scaffold
A total of 86 ECM-derived scaffolds (MIACH, Boston Children's Hospital, Boston, MA) were manufactured from a single production as previously described. 16 Briefly, bovine connective tissue from the knee capsule was harvested aseptically, decellularized using a detergent solution, pepsin-solubilized, and the collagen concentration of the solution adjusted to greater than 10 mg/mL and lyophilized in a vial to yield a dry, porous ECM cylinder 22 mm in diameter and 30 mm in length. For all scaffolds, aseptic processing techniques were used with no observed deviation from sterile technique. Polyethylene/Tyvek pouches were used as a sterile barrier for all scaffolds. Scaffolds were divided according to the study design (Table 1) .
Terminal sterilization
Thirty scaffolds were terminally sterilized using a validated low-temperature (<40 C) ethylene oxide cycle (scaffolds of the ETO group) in a 3M Steri-Vac Sterilizer (3M, St. Paul, MN) with a gas dwell time of 4.75 h, relative humidity of 55%, and a gas concentration of 650 mg/L. For electron beam irradiation, a dose map was created by distributing 6 dosimeters in the plane of the scaffolds inside the radiation field to verify a minimum radiation exposure of the scaffolds of 15 kGy. Thirty scaffolds were irradiated at ambient temperature with a single dose of 15 kGy (Synergy Health, Saxonburg, PA, USA) (scaffolds of the EBEAM group). Twenty-six additional scaffolds were packaged using aseptic technique, but not terminally sterilized (scaffolds of the ASEPTIC group). All ASEPTIC, ETO, and EBEAM scaffolds were stored at room temperature and shielded from sunlight until use.
Sterility testing
Eight scaffolds from each lot of ASEPTIC, ETO, and EBEAM scaffolds were tested for sterility in accordance to the United States Pharmacopeia Chapter 1032 (USP<1032>) in a certified laboratory (Microtest Laboratories, Inc. Agawam, MA, USA). 17 According to contractor information, scaffolds were incubated in either trypticase soy broth-for detection of common aerobic and facultatively anaerobic bacteria; or fluid thioglycollate medium-a differential medium to determine the oxygen requirements of microorganisms. For each media type, four randomly chosen scaffolds from each lot (ASEPTIC, ETO, and EBEAM) were incubated in the media at 32.5 AE 2.5 C for 7 days. Samples were evaluated visually for cloudiness or pellicle formation as an indicator of bacterial and fungal growth. A bacteriostasis/fungostasis test was performed on the scaffolds as well, during which scaffolds were transferred to growth media, inoculated with microorganisms, and monitored for growth to assure the absence of antimicrobial properties of the scaffolds and thus validate the sterility results.
In vitro assessment of scaffold ECM scaffolds were assessed for their macroscopic porous structure, integrity of their protein molecules as well as their resistance to enzymatic digestion.
Briefly, to visualize macroscopic porous structure, two discs measuring 10 mm in length were cut transversely from three scaffolds each per group. Cut surfaces were recorded using a Keyence VHX 2000 Digital Microscope (Keyence, Itasca, IL, USA). The same discs were used to measure the time to full absorption of 1 mL of whole blood.
To assess protein integrity, 30 mg from three scaffold samples per group (ASEPTIC, ETO, and EBEAM) was homogenized in hydrochloric acid solution. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using reagents and gels from BIO-RAD (BIO-RAD, Hercules, CA) was used to separate out the component proteins. The protein band pattern was visually analyzed on a gel and compared to a standard protein ladder. Resistance to enzymatic digestion for all groups was tested on cylinder punch outs from the same three scaffolds used for the SDS-PAGE. Cylinder punch outs had a diameter of 8 mm and thickness of 7 mm. Six punch outs from each group were placed in culture with one of three enzymes: collagenase (250 mg/mL in phosphate buffered saline (PBS)), elastase (100 mg/mL in PBS), or plasmin digestion solution (40 mg/mL in water). These concentrations were chosen based on prior reports of the concentration of these enzymes in post-traumatic synovial fluid. 18, 19 All groups were cultured at 37 ºC and the cylinder length was measured with a caliper at various time points over a period of 21 days.
Scaffold mechanical properties of 10 samples per group were tested in uniaxial compression on am Instron 5542 test frame (Norwood, MA). Cylindrical samples measuring approximately 5 mm in length and 8 mm in diameter were cut using a biopsy punch allowed to equilibrate to room temperature and humidity for 24 h. A pre-load of 1 N was applied to account for nonuniform surfaces and to avoid data capture while samples were not in full contact with compression platens. The upper cross head was depressed downward at a rate of 0.1% strain/second. The linear elastic modulus, yield stress, and collapse modulus were 
Surgical technique: Bio-enhanced ACL repair
Bio-enhanced ACL repair was performed as previously described. 16 Briefly, a medial arthrotomy and a partial resection of the retropatellar fat pad were performed. The ACL was transected at the junction of the middle and proximal third of its length and a variable depth suture of #1 Vicryl (Ethicon, Somerville, NJ) was placed in the tibial remnant. An Endobutton with three looped #1 Vicryl sutures was threaded through a 4 mm femoral tunnel and flipped to rest on the lateral femoral cortex. Two of the suture loops were passed through the scaffold and a 4 mm tibial drill tunnel and fixed to a button resting on the tibial cortex with the knee in 30 extension. The third suture loop was tied to the suture in the tibial ACL stump. After the scaffold was saturated with 3 mL of autologous blood, the knee was closed in layers. Following surgery, the animals were housed in individualized pens. After 4, 6, and 8 weeks, two animals randomly selected from each of the ETO and EBEAM groups were euthanized. At 8 weeks, two animals in the ASEPTIC group were euthanized. Thereafter, knees were opened, ACL dimensions were measured using a caliper and the ACL, synovium and popliteal lymph nodes were harvested for histological assessment.
Qualitative histological assessment of ligaments, synovium, and popliteal lymph nodes Qualitative histological assessment was conducted for the anterior cruciate ligaments, synovium, and popliteal lymph nodes for each scaffold group by a board certified veterinary pathologist. Tissues were formalin fixed, embedded in paraffin, sectioned at 5 mm, and stained with hematoxylin and eosin (H&E). Nine sections of each tissue from each animal were evaluated. Criteria for histopathologic analysis of the ACL were adapted from appendix E of ISO 10993-6 20 and criteria for synovium from Cake et al. 21 (Table 2) . Briefly, the percentage of the ACL slides covered with scaffold material was measured using ImageJ (NIH, Bethesda, MD). Also, the status of the ACL was scored in four different categories-inflammation, neovascularization, fibrosis, and fatty infiltration; synovium in four categories-inflammation, neovascularization, fibrosis, and synovial hypertrophy; and popliteal lymph node in two categories-sinus histiocytosis and follicular hyperplasia. 20, 21 The nine scores per category, tissue, and animal were averaged before statistical analysis.
Statistical analysis
For all assays, the personnel conducting the assay were blinded as to the scaffold group assignations. General linear model was used to model the assay values as a function of treatment group for all outcome measures. Normal distribution of scaffold in vitro assessment data sets was tested using the Kolmogorov-Smirnov test. Data of the scaffold in vitro assessment displayed a normal distribution. Gaussian distribution was assumed for ACL dimensions at 8 weeks (interval data with sample size, n ¼ 2). Differences in in vitro data and ACL dimensions at 8 weeks between groups were assessed using one-way analysis of variance with Bonferroni correction for multiple comparisons. Differences between the groups in the ordinal data of the in vivo histological scoring were assessed using Wilcoxon-Mann-Whitney test for time points 4 and 6 weeks (ETO and EBEAM only) and Kruskal-Wallis test with Dunn post-hoc test correction for multiple comparisons for the 8-week time point. An alpha value of 5% was considered significant. We report Cohen's d as measure of effect size (calculated as mean difference divided by the pooled standard deviation). An effect size of >0.8 was considered substantial. 22 All data are presented as mean with the 95% Table 2 . Criteria used to score the anterior cruciate ligament, synovium, and popliteal lymph node. 
Anterior cruciate ligament
Results
Terminal sterilization
Initial tests showed no microorganism growthinhibiting property of the scaffolds in the bacteriostasis/fungostasis tests. During the sterility tests, 8 out of 8 scaffolds of the ASEPTIC group caused turbidity in the trypticase soy and fluid thioglycollate medium after 7 days consistent with bacterial or fungal growth in this group. However, the scaffold samples of the ETO and EBEAM group did not show any indication of bacterial or fungal growth during incubation in growth medium.
Macroscopic porous structure
Qualitatively, macroscopic porous structure seemed to be homogenous and the pore walls well distinguishable and intact in the ASEPTIC samples (Figure 1(a) ). ETO samples demonstrated partially disrupted porous structure with collapsed pores at some locations (Figure 1(b) ). Macroscopic porous structure of the EBEAM scaffold, however, seemed to be unchanged by the electron beam sterilization (Figure 1(c) ).
Blood absorption
The time to soak up 1 mL of whole blood was statistically significantly increased in the ETO scaffold discs compared to ASEPTIC and EBEAM samples ( Figure 1(d) ; p < .001, d > 1.26 for both comparisons).
Protein composition
The protein composition as determined by the SDSpage showed clear and differentiated bands in the ASEPTIC and ETO scaffold group. Most prominent was the typical band pattern for type I collagen with a doublet at apparent molecular weights of 115 and 130 kDa (Figure 2 (a) -black box). EBEAM samples demonstrated less distinct protein bands with visible subtle background smearing between and below the bands (Figure 2 (a) -black arrows). while the ETO and EBEAM samples were completely dissolved at 24 h. Treatment with EBEAM resulted in a loss of resistance to degradation by elastase. The group treated with EBEAM lost 75% of its length by day 21, while the ASEPTIC and ETO samples had only lost 46% and 50% of their length at the same time point, respectively (Figure 2(c) ). The differences between the ASEPTIC and EBEAM scaffolds were statistically significant at day 2, 7, 14, 21 (Figure 2(c) , p < 0.005, d > 0.78 for all time points). Differences between the EBEAM and ETO samples were also statistically significant at day 1, 14, and 21 (Figure 2(c) , p < 0.025, d > 0.91 for all time points).
Resistance against enzymatic digestion
Treatment with EBEAM also resulted in a loss of resistance to degradation by plasmin. The EBEAM samples lost 52% of their length over the 3 weeks, and the ASEPTIC and ETO samples only lost 29% and 35% of their length, respectively. The difference between EBEAM and the ASEPTIC and ETO scaffold samples was statistically significant at day 14, and 21 ( Figure 2(d) , p < 0.032, d > 0.76 for all time points).
Scaffold mechanical properties
Treatment with EBEAM resulted in a significant increase in average linear elastic modulus and the yield stress compared to the ASEPTIC group, while treatment with ETO significantly increased the average collapse modulus (Table 3 ; p ¼ 0.002, p ¼ 0.001, and p ¼ 0.001, respectively).
Animal welfare
All animals recovered well from surgery. Full weight bearing status was achieved within 48-72 h for all groups. No infection was seen in any of the animals during the 8-week study duration. On average, animals had gained an additional 25.5 AE 2.6 kg in 8 weeks. There was no significant difference in weight gain between the groups (p ¼ 1.0).
ACL dimensions
ACL dimensions in the ASEPTIC group were slightly larger than in the ETO or EBEAM group, but no statistically significant difference could be detected ( 
In vivo scaffold resorption
At 4 weeks post-surgery, the ACL tissue of the ETO group had a slightly smaller area covered by scaffold material than the EBEAM group, but no statistically significant difference was found despite a substantial effect size (Figure 3 (a) and (b), 6% vs. 11% of area on histology slides covered by scaffold, respectively, p ¼ 0.274, d ¼ 2.1, 4A/B). At 6 weeks, there was no scaffold visible on the histology slides of the ETO group and only a few slides showed retained scaffold material on the EBEAM slides (Figure 3(a) , 0% vs. 0.6%, respectively, p ¼ 0.794, d ¼ 1.2). At 8 weeks postsurgery, all scaffold material was completely resorbed in ASEPTIC, ETO, and EBEAM groups (Figure 3(a) ).
Qualitative histological scoring ACL inflammation. At 4 weeks, the ligament tissue that had been treated with ASEPTIC, ETO, and EBEAM scaffolds had minimal lymphohistiocytic inflammation with multifocal aggregates of lymphocytes, histiocytes, and fewer plasma cells and broad bands of fibrosis (Figure 4(a) and (b)). By 8 weeks, the degree of inflammation was classified as minimal to mild for all groups ( Figure 5(a) ). Neither the reduction in inflammation score over time in ETO and EBEAM groups, nor the differences between groups at any time point was statistically significant ( Figure 5(a) , p > 0.156 and p > 0.165 for all comparisons, respectively). However, both ETO and EBEAM had a substantial effect when compared with ASEPTIC (d ¼ 2.9 and 4.2, respectively).
ACL neovascularization. Blood vessels were noted within the scaffold material by the 4-week time point and were present in the ligament wound site through 8 weeks post-surgery in all groups (Figure 4 ). There was no statistically significant change in any group over time or a statistically significant difference between the groups at any time point ( Figure 5(b) , p > 0.102 and p > 0.126 for all comparisons, respectively). However, EBEAM had a substantial effect on the neovascularization compared to ASEPTIC and ETO (d ¼ 1.3 and 1.9, respectively). ACL fibrosis. No significant differences were found in the ACL fibrosis score between the treatment groups at any time point ( Figure 5(c) , p > 0.323 for all comparisons).
In all groups at 4 weeks, scaffold material was intermixed with regions of fibrous connective tissue. After 6 weeks, fibrosis remained prominent but in some areas there was additional organization of small collagen fibers. At 8 weeks after surgical repair, there were increased areas of organized collagen fibers, but still areas of disorganized collagen as well (Figure 4 ).
ACL fatty infiltration.
There was no statistically significant difference in fatty infiltrate of the ACL between groups ( Figure 5(d) , p > 0.102 for all comparisons). Only ETO showed minimal fatty infiltration at 8 weeks.
Synovium inflammation. Over time there was a reduction in synovial inflammation in ETO and EBEAM groups over time, but the reductions were not significantly different ( Figure 5 (e), p > 0.101 for all comparisons). At 8 weeks, there was no statistically significant difference in synovial inflammation between ASEPTIC, ETO, and EBEAM group ( Figure 5(e) , p > 0.555 for all comparisons). Effect size at 6 weeks between ETO and EBEAM was substantial (d ¼ 1.0).
Synovium neovascularization.
At all time points, synovial neovascularization was visible but minimal and localized ( Figure 6(a) , (c), (e)). There were no significant differences or substantial effect size in the neovascularization scores between the groups at any time point or between time points within each group (Figure 5(f) , p > 0.683 and p > 0.165 for all comparisons, respectively).
Synovium fibrosis. There were no significant differences in the synovial fibrosis scores found between the groups at any time point ( Figure 5(g) , p > 0.173 and p > 0.18 for all comparisons, respectively). ASEPTIC compared to the other groups had a substantial effect size (d < 2.1 for all comparisons).
Synovium hyperplasia.
There is no significant difference between the groups at any time point ( Figure 5(h aseptic scaffolds for macroscopic pore structure, blood absorption, protein integrity, enzymatic digestion resistance, and scaffold mechanics. The in vivo study indicated that ETO treatment of the scaffolds resulted in slightly more blood vessels being present in the wound site and potentially a more rapid resorption of the scaffold material. Equally, histological assessment suggested greater synovial inflammation and hyperplasia, and follicular hyperplasia of the popliteal lymph nodes at 6 weeks in the EBEAM group which resolved by 8 weeks after implantation. However, while some effect sizes were substantial, none of the differences reached statistical significance.
In this current study, ethylene oxide was more destructive to the macroscopic porous structure and hampered the ability of the scaffold to absorb blood to a greater degree than electron beam sterilization. As the key role of the scaffold is to absorb added blood and maintain it in the gap between the torn ligament ends, loss of the absorbent property of the scaffold could be detrimental to its core function and the success of a bridge-enhanced ACL repair. At the same time, ethylene oxide was less detrimental to protein integrity and resistance against enzymatic digestion than electron beam irradiation when evaluated in vitro. However, studies show that fibroblast ingrowth into scaffolds over a wide range of pore sizes. 23, 24 And while the prolongation of blood uptake by the ETO-treated scaffold was significant, the blood was resorbed eventually and the resorption capacity was not changed. Therefore, a localized disintegration of micropores in vitro yielding larger overall pore sizes and a prolonged blood absorption time in the ETO scaffolds seems less problematic. A reduced resistance in electron beam irradiated scaffolds against enzymatic degradation in vitro could potentially have detrimental effects on outcomes after bio-enhanced ACL repair. Particularly if the scaffold is resorbed in vivo by catabolic enzymes in the post-traumatic synovial fluid 18, 19 before it can be replaced by collagenous scar tissue. The biomechanical properties of the dry scaffolds were changed by both terminal sterilization methods. EBEAM increased the stiffness of the scaffold and the ETO treatment decreased compressibility. However, despite the changes in the dry scaffold properties, there was no significant difference in the scaffold resorption rate or histologic response in vivo. This may have been due to the fact that the scaffold is used as a carrier for blood in vivo and that the addition of blood may have altered the mechanical properties of the sterilized scaffolds. Thus, the comparison of the ECM-derived scaffolds sterilized by ethylene oxide and electron beam irradiation in vivo in an established large animal model for bioenhanced ACL repair 16, [25] [26] [27] [28] [29] [30] [31] [32] was crucial to determine the performance of the sterilized scaffolds and the influence of the changes in in vitro scaffold properties have on the healing of the ACL. The 8-week healing period was chosen based on data finding that this specific scaffold is completely resorbed after 8 weeks in vivo. 33 The in vitro results suggest that there are differing negative effects of ethylene oxide and electron beam irradiation on lyophilized ECM-derived scaffolds specifically and thus potentially for sensitive biologic medical devices in general. However, the macroscopic and histologic results after bio-enhanced ACL repair in vivo suggest that the sterilization of the ECM-derived scaffolds with either ethylene oxide or electron beam irradiation does not yield a significantly different effect on the in vivo outcomes for ligament healing between ETO and EBEAM groups at 4 and 6 weeks after bioenhanced ACL repair. Similarly, there is no significantly negative effect on the in vivo outcome for ligament healing measured at 8 weeks after implantation between the ASEPTIC and the terminal sterilization groups. Further, the size of the healing ACL after 8 weeks was not negatively influenced by the terminal sterilization methods. These in vivo results are consistent with a previous study that analyzed the in vivo performance of an ethylene oxide sterilized human dermis implant for wound healing after implantation into nude mice, which concluded that graft sterilization with ethylene oxide resulted in good dermal wound healing. 34 Likewise, the study of Rihn et al., 35 who compared ACL reconstruction with bone-patellar tendon-bone autografts or 25 kGy irradiated allograft in human, did not find significant differences between the two groups in age adjusted KT-1000, IKDC knee score, or return to sport. Neither of the mentioned studies utilize a reconstituted form of ECM but rather ECM in its original state, which is due to the lack of studies comparing the effect of terminal sterilization on the in vivo performance of reconstituted ECM scaffolds. Still, ethylene oxide and irradiation sterilization also have negative effects on in vitro parameters of ECM in its original state. 36 Therefore, changes in in vitro properties due to sterilization with ethylene oxide and irradiation might not necessarily influence the in vivo performance of either ECM in its original state or, as seen in the current study, reconstituted ECM. The histological analysis of the repaired ligaments with the terminally sterilized scaffolds in the current study was consistent with earlier studies where the ECM scaffold was almost completely resorbed by 6 weeks. 37, 38 The remaining fibrovascular scar was populated with fibroblasts, vasculature and receding inflammatory tissue reactions were similar to that which occurs in the normal wound healing process. 27, [37] [38] [39] Those studies report a gradual repopulation of the wound site with inflammatory cells and fibroblasts, with a peak in cell density at 4 weeks after surgical repair of the ACL. 37, 38 In this study, we used a scaffold that had been decellularized. Prior studies have suggested that the use of nondecellularized tissues, including the RESTORE SIS patch, can lead to an intense inflammatory response in ligament and tendon repair, necessitating removal after implantation in the majority of patients in the clinical trials of such materials. 40 Therefore, for this scaffold which could potentially be used clinically in the future, we thought it important to use a decellularized material to minimize the risks of a similar complication. The histological conditions of the ACL repair groups using ethylene oxide and electron beam irradiated scaffolds in the current study at 4, 6, and 8 weeks correspond well with the course of ligament healing observed in these earlier studies. 37, 38 While EBEAM scaffolds showed a significantly lower resistance against enzymatic degradation than the ETO group in vitro, in vivo results suggest that differences in EBEAM and ETO scaffold resorption are mitigated. An explanation for this finding could be the loading of the scaffold with autologous blood before installation in vivo. Collagen and fibrin from the blood clot may have formed a matrix that has superior enzymatic resistance than the plain collagen scaffold that was tested in vitro.
There are several limitations in this study. The pig model in general has limitations common to all animal models of ACL injury treatment. As a quadruped, the pig's biomechanics slightly differ from the human and, perhaps most importantly, a controlled post-operative rehabilitation plan is difficult to execute. However, the porcine and human knees share multiple anatomic and biomechanical characteristics. 41, 42 In addition, the in vitro studies tested the scaffold and only one enzyme at a time, where in the in vivo environment, blood and multiple enzymes are present. No fluorescent staining to identify specific ECM molecules was conducted in this study; however, the authors thought that for compositional analysis, the protein blot would be more quantitative and representative of the scaffold as a whole, rather than evaluating a small slice of the scaffold. The power to draw strong conclusions from the qualitatively scored histologic data is limited by the group size of n ¼ 2 animals at any time point. However, even given these limitations, the minor differences in vivo noted between the ETO and EBEAM group at 4 and 6 weeks and between the ASEPTIC group and the terminal sterilization groups at 8 weeks suggest both, low-temperature ethylene oxide and 15 kGy electron beam irradiation, may be useful for terminal sterilization of lyophilized ECM-derived scaffolds utilized in vivo. There was only one sterilization dose tested for electron beam and one combination of processing parameters for ethylene oxide. Certainly, the selection of other doses or processing parameters could have yielded different results in terms of sterility and scaffold function. No in vitro proliferation assays were performed. This was based on findings in previous studies that show that proliferation of cells in vitro on the scaffold material alone is relatively low and limited primarily to the surface of the scaffolds. 43 This is very different to the findings in vivo, where the scaffold material is invaded by ovoid, plump fibroblasts no in vitro cell proliferation was tested. Therefore the evaluation of in vivo cellular infiltration of the scaffolds might be a more relevant assay for this study. This study only addresses bacterial and fungal sterilization and no viruses. However, as previously published 33 we were able to show that the solubilized extracellular matrix derived and lyophilized scaffold was produced free of bovine adventitious viruses. Additionally, the source tissue was meticulously chosen from sources free of bovine encephalopathy to decrease the chance of an animal born viral disease.
In conclusion, the results indicate that minor alterations in the scaffold occur with ethylene oxide and electron beam irradiation, but that these changes do not have a detrimental effect on the clinical and histological outcomes after bio-enhanced ACL repair in vivo. Hence, ethylene oxide and electron beam irradiation both appear to be safe and effective techniques for terminal sterilization of ECM-derived scaffolds used in tissue engineering.
